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NOTICES

When Government drawings, specifications, or other data are used
for any purpose other than in connection with a definitely related
Government procurement operation, the United States Government thereby
incurs no responsidbility nor any obligation vhatsoever; and the fact
that the Goverrment may have formulated, furnished, or in any way sup-
Plied the said drawings, specifications, or other data, is not to be
regarded by implication or othervise as in any manner licensing the
holder or any other person or corporation, or conveying any rights or
permission to manufacture, use, or sell any patented invention that may
in any wvay be related thereto.

Qualified requesters may obtain copies of this report from the
Armed Services Technical Information Agency, (ASTIA), Arlington Hall
Station, Arlington 12, Virginia.

This report has been released to the Office of Technical Services,
U.S. Department of Commerce, Washington 25, D.C., for sale to the

general public.

Copies of this report should not be retwrned to the Aeronautical
Systems Division unless return is required by security consideratiomns,
contractual obligations, or notice on a specific document.
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FOREWORD

This final report on the evaluation of nev cathode-anode couples for second-
ary batteries was prepared by the Radio Corporation of America, Semiconductor
and Materials Division, Somerville, New Jersey. The program is sponsored by
the Flight Accessories laboratory of the Flight Vehicle Power Branch, Aero-
nautical Systems Division, Air Force Systems Cammand, United States Air Porce.
Wayne S. Bishop and James E. Cooper were the project engineers for the Flight
Accessories Laboratory.

This report covers investigations carried out under U.S. Air Force Contract
AP-33(657)-T758, and includes the period from November 1961 to November 1962.
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ABSTRACT

A final report is presented covering an investigation of the most direct
and systematic approsach in selecting the most promising materials for
the development of higher capacity secondary batteries for space applica-
tions.

The experimental approach, materials, and necessary precautions required

in molten-salt technology are summarized, Advantages and disadvantages
of the various molten salt electrolytes considered are presented.

Experimental procedures and couple materials investigated are discussed.
The experimental results for the molten-salt cells investigated are
presented. Data are presented for cells vith fluoride, chloride and
sulfate molten-salt electrolyte.

Objectives and results of a ceramic separator study phase of the program
are included. The design of a molten-salt secondary battery vhich was
constructed during the course of the program is described, along with
fabrication procedures of this battery. Theoretical calculation for the
initial heat input versus heat output and the heat loss due to cell redia-
tion 1is presented. Recommendation for future work and conclusions in both
areas are given.

The publication of this report does not constitute approval by the Air

Force of the findings or conclusions contained herein. It is published
for the exchange and stimulation of ideas.

ASD-TIR-63-115 114
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1. INTRODUCTION

The develorment of secondary batteries with higher capacities than those
currently used for space applications required a re-evaluation of the
active materials.

The objective of this program was to provide design criteria for the
develorment of long-life, light-weight secondary batteries through the
investigation of nev anode-cathode couples and their associated electro-
lytes and separators. For the selection of nev anode-cathode couples, it
was established that the theoretical energy-to-weight ratio of the react-
ant material, based on their free energy release at 25°C, should not be
less than 500 wvatt-hours per pound.

The most direct and systematic approach to the selection of the most
promising materials was through the consideration of the ampere-hour-per-
pound capacity and theoretical half-cell potential of the possible anode
and cathode materials. Data for the pounds of material required to supply
500 ampere-hours and theorstical reversible potential in an aqueous electro-
lyte system of some representative cathode materials are given in Table I,
and similar data for some representative ancde materials are given in

Teble ITI. The theoretical capacity (C) in watt-hours per pound of various
couples can be calculated from the data in Tebles I and II by the followving
equation:

(3, - %)

Cs 500 (1)

(1b. + lbe)

vhere BA is the reversible emf of the anode, B, is the reversible emf of the
cathode; 1b_ 1is the weight in pounds of anode Saterial required to supply
$00 mpere-lou.r. of electrical energy, and lb_ is the veight in pounds of
cathode material required to supply 500 amperS-hours of electrical energy.

This equation shows that the desirable materials should have a high ampere-
hour-per-pound capacity and that, i{f one of the reactant materials does not
have a high capacity, B, - must be large. The ratio wvithin the drackets
mtmobomtorthﬁl or & particular couple to have a theoretical
capacity greater than 500 wvatt-hours per pound.

Mamuscript relessed by the authors Jamuary 1963 for publication as an ASD
Technical Documentary Report.

ASD-TIR-63-115 1



TABLE I. THEORETICAL PROPERTIES OF SOME CATHODE MATERIALS INVEITIGATED
UNDER THIS PROGRAM.

b, |
CATHODE MATERIAL (m E, E,
amp-hour) (emr) (emr)
Oxygen 0.33 -1.23 -0.401
m-Dinitrobenzene 0.59 -0.87 -
Sulfur 0.66 -0.141 0.48
Fluorine 0.78 -2.87 2.87
ou*2—— o 1.3 0.3k -
Chlorine 1.46 -1.37 <1.37
Cupric Oxide 1.65 - 0.224
se Dioxide (2e) 1.77 -1.28 -
g""_—— pa® 2,20 -0.83 -
he'? — ag° 2.33 -0.79 .
rilver II Oxide 2.54 - -0.57
Silver Chloride 5.9k 0.222 -
Cuprous Chloride k.07 -.522 -
tickel Chloride 2,68 - -
ickel Oxide 1.5% - 0.5
(approx
MP-105

ASD-TDR-63-115 2



TABLE II. THEORETICAL PROPERTIES OF THE ANODE MATERIAL INVESTIGATED UNDER

THIS PROGRAM.
lb.'
ANODE MATERIAL POUNDS E

(per 500 A

amp-hr) (emf) (emt)
Bydrogen 0.0415 0.0 0.83
Hydrocarbons 0.085 - 0.1 - -
Borohydrides o.11 - .l2 - -
Beryllium 0.185 1.7 2.3
Lithiwm 0.285 3.0 3.0
Aluminum 0.37 1.67 2.35
Titanium 0.h9 0.95 -
Magnesium 0.50 2.34 2.67
Chromium 0.71 0.71 1.2
Iron 1.1h O.kk 0.87
Manganese 1.1k 1.05 1.b7
Zinc 1.34 0.76 l1.22
Cadmium 2.31 0.402 0.815
Lead 4,26 0.126 0.578

MT-104
ASD-TIR-63-115 3




It 1is recognized that many of the potentials, in particular those in Table II,
are values calculated from other thermodynamic data, and are not attainable
in aqueous electrolytes. The variation of the theoretical potential dces not
vary enough to change general conclusions on the classes of available anode
and cathode materials listed below. This is particularly true of the anodes,
wvhich determine the selection of electrolyte systems. A detailed listing

of theoretical capacities is not given because such a listing would require

a critical evaluation of the sources of information, such as the free energy
of ions and standard states in these solvents.

For ease of discussion, the available cathode materials may be grouped into
four general classes:

a. low-molecular-weight elements, e.g., Fa, 012, 02, He, and S.

b. inorganic compounds with a high available-oxygen content, e.g.,
080,, Cu0, AgO, F10,, and MnO, (2-electron change).

c¢c. metal-metal ion electrodes
cu’:__.. Cu, Ag’ - = Ag, Rh”-——’ Rh, Sb'.:"—.»w =Sb
d. organic materials, e.g., quinone, nitroguanidine.

The available anode materials on the basis of their ampere-hour capacity and
theoretical emf in aqueous electrolytes may be classed as follows:

a. the lov-molecular-weight metals in Group lA, IIA, and Al.
b. hydrogen.

¢c. metals in the fourth row of the periodic chart in Groups VI, VII,
and VIII.

d. boron and its hydrides.

e, carbon and its derivatives.

ASD-TDR-63-115 N



2. SUMMARY

The reversibility of various anode-cathode combinations using a molten-salt
electrolyte has been demonstrated. Magnesium has been shown to be the most
desirable anode material when coupled with any of a variety of oxide and
chloride cathode materials. A molten-chloride electrolyte was found to be
most desirable because it eliminated numerous problems with respect to
contaimment, high temperature, and chemical complexing problems which were
encountered when molten fluorides and sulfate electrolytes were used.

A ceramic body (10% Na_.O) has been developed which permits single-ion

mobility of sodium ion, thereby permitting it to be used as a stable separator

in a molten-salt secondary battery. Other ceramics capable of permitting ion
mobility of ions other than sodium (e.g., lithium, ogygen) have been investigated.

A molten-salt secondary battery has been constructed. This 2.6-volt battery
was capable of a 20-ampere discharge for 35 minutes. The relationship of heat
input to heat output and the heat loss due to cell radiation of this battery
have been calculated.

ASD-TIR-63-115 5.



3. TECHNICAL DISCUSSION

3.1 GENERAL

The main objective of this program was to provide design criteria for long-
life, light-weight secondary batteries through the investigation of new
cathode-anode couples and their associated electrolytes and separators. To
this end, a magnesium/nickel chloride/nickel molten-salt secondary battery
of 2.60 volts was fabricated to demonstrate the feasibility of the system
for aerospace applications. In this report, the method of construction and
electrochemical calculations of this battery are presented along with recam-
mendations for future work.

3.2 EXPERIMENTAL APPROACH

The experimental studies of molten-salt systems were conducted to determine
the reversibility of various anode-cathode couples under charge and discharge
conditions. Cambinations of known reversible anode and cathode materials
were used in the cells studied. Because of the variocus anode and cathode
materials to be evaluated, many possible cambinations of electrodes existed.
In each group, the anode-cathode combinations used ceramic separators. The
groups were divided as follows:

Group Anode/Separator/Cathode
a. Ma/cemic/M‘CJ., McCI/Mc
b. nb/ubm , NaCl/ceramic/NaCl , ucm./uc
c. Mb/l(bﬂ , l!sCl/cennic/M. , ucm/nc
where:
M‘ 2  Anode material having a cation which is mobile in the
ceramic separator.
no =  Anode material having a cation vhich is not mobile in the

ceramic separator.

ASD-TDR-63-115 6.
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uccl/uc Tt Various metal-metal-ion cathodes.
M. 2 Various metal-sulfate electrolytes.
uco/nc S Various metal-oxide cathodes which function reversibily

as electrodes of the second kind.

The couples chosen for experimental purposes were selected on the basis of:

a. simplicity of the composite system.

b. known reversibility of the camponents.

c. watt-hour capacity of the reactant materials.
Teble III lists the anode-cathode couples selected for evaluation in a molten-
salt electrolyte. These couples were selected on the basis of the theoretical

capacity of the reactant materials at an operating temperature of 700°C and
the known reversibility of the selected electrodes.

3.3 SELECTION OF ANODE ELECTROLYTE AND CATHODE MATERIALS

3.3.1 Anode Materials

Because of their high ampere-hour capacity and theoretical electromotive
force, the alkall and alkaline-earth metals and aluminum were shown to be
the most desirable anode materials. In addition, these anode materials
were selected for use in the program because of their ability to be used
vith a wvide range of metal-metal ion cathodes and various metal-oxide
cathodes vhich function reversibly as anodes of secondary cells.

3.3.2 Electrolytes

Since the anode materials used in the existing program are irreversible
in aqueous electrolytes, they must be used with nonaqueocus electrolytes.
Molten salts were selected as electrolytes because of their relatively
high conductivity in camparison vith other nonaquecus electrolytes, and
because a considerable amount of experimental data bhas been published
vhich indicates that reversible electrodes are feasible in this type of
electrolyte. A comparison of the electrical conductivity and operating
texperature range of scme of the electrodes considered is shown in Figure
1l and 2. It should be noted that the conductivity and temperature range
for molten salts is higher than those of all other systems.

ASD-TDR-63-115 7.
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Some of the important generalizations vwhich can be made about molten
salts are:

a. Experimental data show that the various anode and cathode
materials under consideration are reversidle in certain
molten salts (ref. 1, 2, 3.)

Electrode reactions in molten salts have been shown to

occur at appreciable rates with little polarization at their
reversible potential. Pertinent experimental measurements
have been made by Flengas (ref. 2), laitinen (ref. b, 5)
Delimarskii (ref. 6, 7, 8, 9, 10, 11, 1k), Piontelll (ref.
12, 13), and Maskovets (ref. 15).

b. Comparison of electrical conductivity of the various classes
of electrolytes presented in Figure 1 shows that molten salts
are the best electrolytic conductors. The discharge data
obtained in thermal cells indicate that polarization of cells
vith a molten-salt electrolyte will be low. Both factors are
favorable to the design of a molten-salt secondary battery.

¢. The operating temperature range is over 4L0O0°C for molten salts
that are stable with respect to reactant materials. There are
a fev exceptions to this statement. The principle exceptions
are molten salts containing aluminum and ammonium ions which
would be used with an aluminum anode. The success of couples
in molten salts is determined by solution of the contaimment
problems and problems associated with the solubility of the
reactants in the molten-salt electrolyte.

A major design problem was the development of an electro-
chemically and thermally adequate separator. This is discussed
further in this report.

3.3.2.1 Molten-Chloride Electrolytes

A molten-chloride electrolyte has several desirable characteristics,
including high stability, high conductivity, and a low-melting point
with respect to other molten salts. In addition, more data are
available on chloride melts than on any other electrolyte with the
possible exception of molten fluorides.

The major disadvantage of a molten-chloride electrolyte is its corrosive
nature and its ability to camplex some of the desirable anodes and cathodes.
Hovever, various studies reported in the literature indicate that molten-
chloride electrolytes are suitable with respect to the ionic conductivity
required for the present application. In order to eliminate the commonly
observed oxychloride formation in a molten-chloride system, precautions

which are discussed in this report were taken to use only anhydrous materials.

ASD-TIR-63-115 1.



3.3.2,2 Molten-Sulfate Electrolytes on the Cathode Side

The distinct advantages of a sulfate electrolyte are its lower
tendency to camplex, and the relative ease with vhich it may be
dried to an anhydrous condition. One disadvantage is the inst-
ability of the sulfate ion with some of the reactant anode materials
investigated. However, this disadvantage is eliminated when the
sulfate electrolyte is used only on the cathode side of the cell and

is physically separated from the anode material by the ceramic separator.

3.3.2.3 Molten-Fluoride Electrolyte on the Anode Side

An initial investigation on the use of an alunminum anode involved
the use of A1Cl, and NaCl eutectic electrolyte. Because of the
vapor pressure é.nd hydroscopic nature of AlCl_, the results obtained
in initial tests were erratic. In meta.llurgiéal practice, electro-
lysis of aluminum is made possible by the use of the metal fluoride
AF.). Therefore, emphasis was placed upon the use of a fluoride
elec%rolyte on the anode side of the experimental cell.

3.3.3 Cathode Materials

The use of a molten-salt electrolyte necessitated the selection of a
cathode material fram the inorganic oxides that are stable at high tem-
peratures, and which have a high available-oxygen content, such as NiO,
Oor a metal, metal-ion electrode such as AgCl. In the program, the in-
organic oxides were investigated more thoroughly because of their high
theoretical ampere-hour capacity.

3.3.4 Method of Separation

A basic problem in the selection of secondary couples in systems using
molten-salt electrolytes is the separation of the anode and cathode
materials. The solubility of the various reversible materials evaluated
was an important consideration in this problem of active component separe-
tion. Various methods of separation were investigated. A reaction me-
chanism permitting the reversible mobility of a single ion was selected

as the best method of separation. The important phenamenon of the resction
mechanism is the ability of a single ion to be transported reversibly
through a ceramic material. The type of ceramic material vhich was de-
veloped during the program permits sodium ion mobility, and also has a
higher electrical conductivity and lower operating temperature than other
similar materials. Therefore, the coupling of appreciably solube cathodes
t0 an alkali or alkaline-earth-metal anode was made possible. A reversible

ASD-TIR-63-115 12
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cell based on this principle is illustrated in Figure 3. The electrical
conductivity of the ceramic material as a function of temperature is showmn
in Table IV.

3.3.5 Considerations for Molten-Salt Studies

3.3.5.1 Reactivity of Molten Salts with Oxygen and Water from Air

Because many of the salts under consideration readily hydrolyze, and
since the anode materials react with oxygen and water, an inert at-
mosphere was used.

3.3.5.2 Containers

The contaimsent of molten salts presented many problems because of
the temperatures involved and the corrosive nature of many molten
salts. Several materials that were found satisfactory as containers
are boron nitride, graphite, quartz, pure refractory oxides, and
glass. In the experimental studies, boron nitride, quartz, and
Pyrex were used.

3.3.5.3 Purity of Materials

In general, investigations of electrode kinetics required that high-
purity material be used. This is particularly true of studies for
the determination of exchange currents. In the present study, how-
ever, the degree of reversibility desired requires a large exchange
current and, thus, the effect of impurities were lessened consilder-
ably. This does not mean that all reasonable precautions should
not be met. Laitinen and his co-workers (ref. 16) have described
criteria for electrolyte purity for exchange-current measurements.
A particular problem in obtaining high-purity material is the
removal of vater fram the salts without causing hydrolysis. This
requires that the salts be dried by special techniques prior to
being placed into the cell. The procedure developed by Van Norman
and Janz (ref. 17) was used in the present studies and 1s described
in Section 3.k.l.

3.3.5.4 Time to Reach Equilibriwm

A general characteristic of molten-salt systems is the time that is
required for such systems to reach equilibrium. For example, systems
have been reported which did not reach equilibrium for 20 hours (ref 17)

ASD-TDR-63-115 13.



ANODE ELECTROLYTE SEPARATOR ELECTROLYTE CATHODE
(=) -Mg MgCl, | (Discharge)| Na* cC1 AgCL, Ag- (+)
). T ——
(Cnarge)
|, Y P —
RaCl Ceramic
ML-382
Discharge:

Ms-————-——ug“#e

AZCl + € ————— Ag + C1~
Mg + 2AgCl ——— MgCl, + 2ig

Mgt e — = Ng
AE + Cl —————9s AgCl + &
MgCl, + 2Ag ———— Mg + 2AgCL

FIGURE 3. MECHANISM AND REACTIONS OCCURRING IN A MAGNESTUM/ SILVER-CHLORIDE

COUPLE WITH A CERAMIC SEPARATOR.
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TABLE IV. RESISTIVITY OF A CONDUCTING CERAMIC SEPARATOR
AS A FUNCTION OF TEMPERATURE.

RESISTIVITY TEMPERATURE

(otm -cm) (*c)
730 koo

420 kso

140 550

6 650

b2 700

2 860

2 900

“Labrie and Lamb, J, Electrochem, Soc,, 106, 895 (1959(

Separator Composition: MNe 0 = 10%
810, = sug
A1203 z 3“
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after reaching the test temperature. Also, the rate at vhich the
systen is brought to temperature has been found to be a factor in
cbtaining reproducible measurements (ref. 18). Usually a low rate,
on the order of several hours of temperature increase, is the most
desirable. At this time, there is no reasonable explanation of

this phencmenon and optimm conditions must be determined empirically.

3.3.5.5 Volatility

Some salts develop a high vapor pressure well below their normal
boiling point. This is an important consideration when using couples
wvith aluminum halides. This condition also necessitates a closed
system.

3.3.5.6 Temperature Control

The uniformity of the temperature within the cell is also of prime
importance. Therefore, the design of the furnace must limit heat

leakage, insure good thermal contact to the cell electrolyte, and

prohibit thermal gradients within the electrolyte.

3.3.5.7 Electrical Contact

The making of electrical contact to the reactive anode requires that
the material used be inert. This, therefore, limited the material
possibilities considerably. In addition, because of & thermoelectric
effect (ref. 19) it is desirsble to use the same material for electri-
cal contact to both the anode and cathode.

3.3.5.8 Accessibility to Cell Contents

Accessibility to the cell contents during the course of the run is
desirable in experimental cells and thus was considered in the cell
design.

3.4 EXPERIMENTAL PROCEDURES AND COUPLE MATERIALS INVESTIGATED

The experimental apparatus and the experimental cell for measurements of emf
and polarization for the various anode-cathode couples with a molten electro-
lyte are illustrated in Figure 4. The lover section of this cell was con-
structed of LO-mm-diameter quartt tubing. This section is connected to a
standard taper 50/50 Pyrex ground-glass joint to permit interchange of various

ASD-TIR-63-115 16.
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FIGURE 4. IMPROVED EXPERIMENTAL CELL FOR MOLTEN-SALT STUDY.
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electrodes and easy accessibility for the addition of various materials. In

this upper section of the cell, there are two joints through which electrical
contact is made to the electrodes, a thermocouple well, a gas-release valve,

and a three-way stopcock for gas inlet and vacuum outlet.

In order to protect the contents of the cell from atmospheric contamination,
purified argon gas (ref. 20, 21) was continually introduced into the cell,

and excessive gas pressure wvas released by means of the pressure-release valve.
In order to protect the outside jacket, an inner crucible was added to the
electrochemical cell. The camposition of the inner crucible was determined by
the couple being studied, and is described with the particular couple.

A feeder tube was included in the cell. This tube prevented the exposure of
the salts to the atmosphere during the assembly, and thereby prevented moisture
absorption. In eddition, this tube permitted the addition of the salts after
all the camponents of the cell had been assembled and in this way added to an
improved geometry of the electrodes. All these procedures were carried out

in a dry box.

A stirrer was incorporated into the cell design in some studies in order that
equilibriwa could be attained in the system more rapidly.

The circuit diagram for the electrical measurements during charge and dis-
charge is shown in Figure 5.

3.4.1 Preparation of Salts for Electrolyte

In preliminary tests, the salts were stored in a vacuum for a period of
three to four days. It was believed that any minute quantity of moisture
would be removed in this vacuum. However, after the initial runs, there
was evidence of an oxychloride formation in the electrolyte. The erratic
results in early studies were attributed, in part, to this. The set-up
that vas employed for the purification of the salts is presented in
FMgure 6. The salts were dried in a vacuum oven at 110°C for 24 hours
and then mixed thoroughly in a ball mill. The mixture was placed in the
filtration apparatus and dry HC1 gas was passed over the surface of the
powlered salts vhile the temperature gradually increased. Considerable
anounts of water vere removed, as vas evidenced by the formation of water
in the gas outlet tubes.

Once the salts were molten, HC1l gas was passed at a vigorous rate until
no more water appeared to be evolved. The passage of HCl then contimued
for two hours, followed by a purge with argon to remove all treces of HC1
from the melt. The salts were then filtered, cooled, crushed, and stored
in screv-cap jars. Following this processing, the salts were used for

ASD-TIR-63-115 18
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FIGURE 6. FILTRATION APPARATUS FOR PURIFICATION OF MOLTEN SALTS,
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experiments by taking the required quantities and treating them for a
short period of time with HC1l gas to remove any adsorbed water on the
surface of the eutectic. This experimental precaution, although time
consuming, was a necessary factor in obtaining stable potential measure-
ments in molten salt electrolytes.

3.4,2 Experimental Results For Molten-Salt Cells

3.k.2,1 Couples with Molten-Chloride Electrolyte

Mg-AgCl/Ag Couple

The couple Mg-AgCl,Ag vas selected to demonstrate the feasibility of
couples of the basic types ub/nbm , BaCl/Ceramic/NaCl , N,,Cl/llc-

Results were obtained on several different experimental cells, as
shown in Figure 7 end 8.

The discharge voltage of the Mg-AgCl/Ag couple as a function of
current drain is shovn in Figure 7. It can be seen that the cell
does not polarize appreciably at a given current density as a
function of time. The large internal-resistance drop is due to the
relatively thick ceramic separator. The data in Figure 7 were
obtained on cells vhich had not been discharged prior to measurement.

Figure 8 shows data obtained with a charge cycle of 15 minutes at 15
milliamperes, followed by a 15-minute discharge. The charge and dis-
charge data for the unplotted cycles are intermediate between the
plotted curves. The small degradation in discharge voltage and the
increase in charging voltage as a function of the cycle life are at-
tributed to a slow attack on the ceramic separator by the megnesium
anode. This effect wvas indicated by a small amount of darkening of
the cer=mic separator in the anode compartment after the cell was
disassembled.

The cells vere operated for a period of 96 hours at a temperature of
700°C before being disassembled for inspection. The only physical

change of any of the various cell components vas the darkening mentioned
above.

Because of the kmown reversibility of this couple, and the results
obtained sbove, an attempt vas made to build a cell on a capacity besis.

ASD-TIR-63-115 a.
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The lov-ampere-hour capacity of AgCl was recognized. However, the
objective of this test wvas to evaluate the system as a power cell.
The electrochemical structure of this cell wvas as follows:

Mg/MgCl,, , umcl/cezz-.mc/ugcl2 , ¥aCl,AgCl/Ag

The experimental arrangement and deseription of the couple are
given belov:

Electrodes:
Anode +25 grem magnesium, molten
Cathode 3.8 grams silver powder, pressed on a

silver grid, and anodized in 2N HCl
Electrolyte (Excess):

Anolyte MgCl, , NaCl (48 , 52 mole-%)
Catholyte MsCJ.a , MaCl , AgCl (45 , 50 , 5 mole-%)
Separator Cersaic tube (approximate srea of 1.32
square inches)
Operating T00°C

Figure 9 shows the geametric configuration of this cell. This cell
was discharged at a current of 40 ma, and the discharge curve of
this cell, at 4O ma, is presented in Pigure 10. The curve showvs that
the cell voltage dropped rapidly with respect to discharge rate and
time. Since these results shoved no improvemnt over this couple vhen
solid-silver sheet vas used, the experiment was discontinued.

The Li-AgCl/Ag Couple

To demonstrate the reversibility of lithium as an anode material, a
Li-AgC1l/Ag couple wvas fabricated.

This test cell wvas fabricated vith molybdemm tube inserted inside
the upper portion of the ceramic separator tube. The

insert vas to protect the ceramic from attack by the molten lithiwm
metal vhich floats on the electrolyte. Lithium forms the commonly
observed metal "fog" vhich makes the selection of the electrolyte
eritical. Lithium ions also reduce the ionic comductivity of the

ASD-TIR-63-115 o,
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ceramic, thereby decreasing the efficiency of the couple under
investigation. A possible solution to this problem is presented in
Section 3.5.4. The molybdemm tube helps to protect the cersaic from
this contamination. Figure 11 illustrates the configuration of the
ceramic separator tube.

The configuration of this cell was as follows:
Li/LiCl , RaCI/eemic/MgCle , NaCl,AgCl/Ag

The experimental arrangement and description of this couple are given

below:
Electrode:
Anode 0.1 gram lithium
Cathode 0.005 gram silver plated on one square

inch of platinm

Electrolyte (Excess):

Anolyte LiCl , NaCl (60 , 4O mole-%)
Catholyte NaCl , MgCl, , AgCl (50 , 45 , 5 mole-$)
Container Quartz insert
Separator Ceramic tube (approx. area of 1.32 square
inches)

Operating Temperature TO0°C

Representative charge and discharge cycles of this cell are presented
in Mgure 12. The cell was cycled twice at a current of 10 ma, and
reversibility was exhibited. The epen-circuit voltage of this cell
was 2.10 volts, vhich is 0.60 volts lower than the theoretical open-
circuit voltage. At this time, there is no acceptable explanation
for the lowv voltage.

The ug-lucl,‘,/m System

The geometric configuration of this cell is the same as illustrated
in Mgure 11l. This system enables the use of the MgCl, , NaCl
eutectic as the electrolyte for both compartments of the cell.

ASD-TIR-63-115 27.
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FIGURE 11. MOLYBDENUM INSERT TUBE ARRANGEMENT FOR Li-AgCl/Ag COUPLE.
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Hence, the melting point of the magnesium anode (650°C) need not be
exceoded t0 bring the eslectrolyte to its molten state since the
melting point of the electrolyte is US50°C. The advantage of this
system is that the surface area per unit weight of magnesium can be
greatly increased by the design of the electrode. However, vhen the
nagnesium is molten, the system is limited to the surface area of a
sphere.

Electrochemically the couple was set up as follows:
Hg/HgC12 , mc1/cem1c/ngc12 , NaCl, MClz/lu

The cell is described quantitatively below:

Electrodes:
Anode Mg 2 .5 gram; surface = 2 square cm.
Cathode Ni sheet = 2 gram; surface =10 square cm.

Electrolyte (Excess):
Anolyte & Catholyte MgCl, , NaCl (48 , 52 mole-%)
Separator - Ceramic Tube: area = 1.32 square inches.

Operating Temperature 500°C.
An initial discharge curve at 20 ma is shown in Figure 13.
A cell constructed with the configuration:

Hg/MgCla , nac1/cem1c/ngc12 , NaCl , cuCl/cu(Pd)
wvas chosen to demonstrate the reversibility of a CuCl/Cu cathode.

The experimental arrangement and description of this couple are given
below:

Electrodes:
Anode 0.6 gran magnesium
Cathode 1.000 grsam, copper plated on one square

centimeter of palladium, plus .002 gram
CuCl added to the melt.

ASD-TDR-63-115
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Electrolyte (Excess):

Anolyte MgCl, , MaCl (48 , 52 mole-%)
Catholyte MgCl, , BeCl , CuCl
Container Quartz Tube
Separator Ceramic tube (ares s 1.32 square inches).

Operating Temperature T00°C.

Typical charge and discharge data for this couple are shown in Figure
14 and Table V. A base material, such as platimm or palladium, wes
required because of the large exchange currents often encountered
vith many electrode cambinations in molten-salt systems (ref. 2).

In this test, palladium was used in place of platinum as the base
cathode material in order to eliminate the alloying effect previously
encountered.

At T700°C, the theoretical reversible potential of this couple is 1.h5
volts. However, the data indicate that the potential of this experi-
mental cell was 1.65 volts. The higher potential did not affect
reversibility at charge and discharge currents of five milliamperes.

The Al-mc12/u1 Couple

A cell of the configuration Al/ALF. , NaCl/cersmic/NaCl , MgCl/Ni(Pt)
was chosen to demonstrate the reve;ubility of & A1/NiCl./Ni cSuple.
The reversible potential of this couple is 1.35 volts at“700°C. Experi-
mentally, the couple demonstrated its reversible potential.

The experimental arrangement and description of this couple are as

follows:
Electrodes:
Anode 0.5 gram of alwaimm
Cathode 0.005 gram nickel, plated on one square

inch of platinum

Electrolyte (Excess):

Anolyte ura ; MaF (60 , 4O mole-%)
Catholyte NaCl , MgCl, , NiCl, (51.8 , 47.8 , O.b
mole-%)

ASD-TIR-63-115
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TABLE V.

CHARGE AND DISCHARGE DATA OF Ng-CuCl/Cu(Pd) COUPLE.

CHARGE DATA AT 5 MA

DISCHARGE DATA AT 5 MA

T™E (Volts) (Volts)

(Minutes) CYCLE CYCLE
2 3 L 2 3 "

Initial 1.78 1.86 2,14 1.65 1.68 1.80

1 - - - 1.56 1.59 1.55

5 2,24 2.25 2.2 1.49 1.51 1.48

10 2,26 2.25 2.2 142 1.46 1.45

15 2.2 2,26 - 1.37 1.42 1.42

20 2.26 2.26 2,24 - 1.39 1.ko

MT-101
ASD-TDR-63-115 3



Container Quartz tube
Separator Ceramic tube (area = 1.32 square inches)
Operating Temperature 700°C.

Four charge and discharge cycles, at a current of 10 ma, were per-
formed on this couple. As may be observed from Figure 15, the cell
behaved reversibly with respect to the charge and discharge currents
of 10 ma. Additional experimental tests were conducted on this couple
in order to measure its coulambic capacity and efficiency. Its
estimated theoretical capacity is 238 watt-hours per pound.

This couple was chosen to demonstrate the reversibility of an aluminum
anode. The configuration and physical description of this couple are
as follows: ’

Al/All"3 , m/cemic/ugma , NaCl,AgCl/Ag(Pt)

Electrodes:
Anode 0.05 gram of aluminum
Cathode 0.005 gram of silver, plated on one square

inch of platinum
Electrolyte (Excess):

Anolyte AlF. , NaF (60 , 4O mole-%)

Catholyte MgCl, , NaCl , AgCl (45 , 50 , 5 mole-%)
Container Quartz tube
Separator S::;I::l)! tube (approx. area ® 1.32 square

Operating Temperature 800°C.

The charge and discharge curves for this couple are presented in
Figure 16. The cell was charged and discharged at currents of 5 and
10 ma. Under these two conditions the cell behaved reversibly as
predicted. The theoretical capacity of this couple is 151 watt-hours
per pound of reactant material,

ASD-TIR-63-115 35
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A cell having the configuration:

ng/ugma , Na.Cl/ceranic/Liasoh » Na 80, , CaO/NiO , N1

was chosen to demonstrate the feasibility of a sulfate-eutectic
electrolyte, and to demonstrate reversibility of an oxide cathode.
The reversibility of NiO,Ni under no-load conditions has been demon-
strated. The experimental arrangement and description of this couple
follows:

Electrodes:
Anode 1.5 gram of magnesium
Cathode 0.5 gram of nickel

Electrolyte (Excess):

Anolyte MgCl, , NaCl (48 , 52 mole-%)
Catholyte 11,50, , Na 0, , Cal (70.6 , 28.4 , 1.0
mofe-*)

Container Alumina cup - Morganite, Inc., Long
Island, New York

Separator Ceramic tube (area = 1.32 square inches)
Operating Temperature 600°C.
Typical charge and discharge data for this couple are presented in

Figure 17. The cell was cycled 10 times for periods of 15 minutes
each at charge and discharge currents of 5 milliamperes.

The cell demonstrated its reversible potential of 1.45 volts, and was
reversidle under load, as shown by Figure 17.

The Mg-Cu0 , cu(Pa) Couple

A cell having configuration:

ng/m;cl2 , mcl/cemac/uaso,‘ , NaSO, , ca.o/c\aao , Cu(Pa)

operating at a temperature of 600°C, demonstrated the reversibility

of a Cuao/m electrode.
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The physical arrangement of this cell is as follows:

Electrodes:
Anode 0.8 gram of magnesium
Cathode 1.000 gram of copper, plated on one

square cm of palladium, plus .002 gram
of Cuao added to the melt.

Electrolyte (Excess):

Anolyte MgCl, , NaCl (48 , 52 mole-%)
Catholyte Ne SO, , Li,80, , Ca0 (70.6 , 28.4 , 1.0
mofe-&)

Container Alumina cup - Morganite, Inc., Long
Island, New York.

Separator Ceramic tube (area = 1.32 square inches)
Operating Temperature 600°C,

Discharge and charge data for this couple are presented in Figure 18
and Tsble VI. This cell attained its theoretical reversible potential
of 1,40 volts at 600°C. The cell was cycled five times at a current
of five milliamperes, and, as can be cbserved fram the data in both
the figure and the table, the cell exhibited reversibility under

load conditions.

The AL-NiO/Ni system vas designed to function as a power cell because
it was anticipated that this couple would be used for a prototype
molten-salt secondary battery. The experimental arrangement and the
qualitative and quantitative materials used in this couple are given

below:
u/m3 , m/ceruic/ltamu , ngso,‘/xuo , M
Electrode:
Anode 3.5 gram of aluminum
Cathode Tvo sintered-nickel Dlates, containing
s total of 6 grams of pure Ni and 4 grems
of NiO
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TABLE VI, CHARGE AND DISCHARGE DATA OF Mg-C\\z/O/Cu COUPLE,

CHARGE DATA AT 5 MA

DISCHARGE DATA AT 5 MA

(volis) (Volts)
TIME CYCLE TIME CYCLE
(Minutes (Minutes)
1 3 5 1l 3 5
Initial 1,00 | 0,87 }0.47 Initial | 1,12 { 1,20 1.00
5 1,37 | 1.49 |1.10 1l 0,70 | 0.74 0.49
10 1.40 1.52 1053 2 0062 0.52 -
15 1.41 1.53 1.60 3 0.54 0.48 -
20 10102 - 1059 4 °¢45 - 0.40
- - - - 9 - - 0037
MI'=102
ASD-TDR=63-115 42
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Electrolyte (Excess):

GIWC ‘2% ’ kmk (56 ’ Lk ml.")
Anolyte Alr; , NP (50 , 50 mole-%)
Separator Ceramic tube (ares = 1.32 square inches)

Operating Temperature 800°C.

Figure 19 illustrates the configuration of this power cell. PFigure 20
presents the discharge data of this cell at 12 and 50 me, and Migure
2l represents its charge and discharge data at various currents. The
data indicate the possibility of designing & pover eslectrode for the
present application by increasing the surface area of the cathode.
However, because of an apparent attack on the ceramic tube by the
flouride electrolyte, and the high tempersture required to bring the
electrolyte to its molten state, the examination of this system wvas
discontinued.

The geometric configuration of this cell is the same as shown in
Figure 19, although the anode and anolyte are different in this case.

The description of the couple appears below:

Mg/MgC, , NaCl/ceremic/Mg30y, , uasok/lio , M

Electrodss
Anode 2 grem nolten magnesium
Cathode Sintered-nickel plates, containing a

total of b grams N0 and 6 grems Ni.
Electrolyte (Excess):

Anolyte MgCl, , BaCl (48 , 52 mole-%)
“W mk ? .2m]‘ (u ’ 56 ”1"‘)
Separetor Cersmic tube (ares = 1.32 square inches)

Opersting Tempersture 800°C.

ASD-TIR-63-115 b3



NICHROME WIRE

GLASS TUBING

NICKEL TAB

ANODE PLATE
(SINTERED NICKEL)

ELECTROLYTE
(ALF,; NoF)
CATHOLYTE

( NOSO. Mg”. )

PELLET

(ALUMINUM)
(roxzren)
M- 142

FIGURE 19. CELL CONFIGURATION FOR Al-N1O/Ni MOLTEN-SALT COUPLE.
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The charge and discharge results for this couple appear below:

Open Circuit Voltage (o0.c.v.) = 1.60v

DISCHARGE CHARGE
Time Voltage | Current Time Voltage | Current
(minutes) volts {ma) (minutes) volts (za)
0 1.40 100 0 1.65 10
1 .70 100 1l 1.70 10
2 (*) 100 T 1.75 10
2 1.36 20 10 1.76 10
3 1.30 20 10 1.80 2
6 .80 - 20% 2.25 P

#Contact was broken at the cathode after 20 minutes of charge.

Work was discontinued on this cell because of its inability to
accept high charge and discharge rates without considerable polari-
zation. A power cell vith a molten anode is considered impractical
because of the small surface area per unit weight of the anode. This
results in a high-current density and, thus, considerable anode po-
larization.

3.5 CERAMIC SEPARATOR STUDY

3.5.1 ObjJective

The objective of this study was to determine the behavior of the ceramic
material under consideration with respect to its use in a molten-salt
battery. The following factors were considered in this study:

a. stability vithrrespect to anode material.
b. sensitivity of the conduction mechanism to enviromment.

¢. sensitivity of current reversibility to electrolyte impurities.

ASD-TDR-63-115 7



d. effect of mass transport on cell dasign.
e, temperature gredient in the separator.
f. thermal coefficient of expansiom.

8. other elements having high ion mobility.

3.5.2 Ceremic Tube and Disc Preparation

Many cersaic-separator tubes and discs were prepared for use in experi-
sental cells. The materials used in the preparation of the cersamic slip
carried vith them many impurities (hgg, m Ca0, Mg0) which are
detrimental to the system, particularly in ing the dAiffusion rate
of the sodium ion. To minimize the effects of the impurities, a ceramic
was developed to eliminate the need for 014 Mine # Kentucky Ball clay
and Pioneer Georgia kaolin clay. These clays contain potassium and iron
in sufficient quantities to have detrimental effects of the systems under
investigation. The chemical compositions of these two clays are as fol-
lows:

Material Kentucky Ball (%) Georgis Kaolin ($)
810, 51.92 b5.34
A1203 31..78 37.89
T40, 1.52 1.5
Yo 0, 869 .61
Ca0 2 .25
Mg0 19 22
hao 038 '35
K0 .89 .10
Ignition Loss 12.29 13.38

Because of the elimination of these clays, a different casting procedure
was used. This nev procedurs used toluene as a casting medium, and per-
mitted the cersmic tube to be cast vithout the addition of clays to pro-
vids workability. The ceremic tubes and discs were then fired in an
electric furmace at a pyrometric-cone equivalent to two (nominal tempere-
ture for hesting cycle is 1170°C.) :

ASD-TIR-63-115 Y]
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3.5.3 Procedure for Preparation of Ceramic Separator

A doctor blade, vhich is a precision blade that uses a micrometer ad-
Justment for positioning blade height, was used to fabricate ceramic
separators in thin sheets. The ceramic disc used was prepared using
the following formula: .

Sodium Silicate (Na.28103) 128 ¢

Alumina (A1203) 107 g
Silica (3102) 17 g
Kentucky Ball sk g
Georgla Kaolin 1 g

This mixture was then calcined for 30 minutes at 1100°C, followed by
pulverizing of the frit in a grinder. To the pulverized material, 12 g
of Kentucky Ball, 111 g of Georgla Kaolin, and 350 cc of water were then
added. This mixture was milled and passed through a ferro-filter in
order to remove any traces of iron which may have been picked up in the
grinding process.

After drying in an oven at 100°C, the material was mixed with an organic
binder (VYNC, a mixture of polyvinyl acetate and polyvinyl chloride) and
a solvent carrier (methyl ethyl ketone). This material was then cast by
means of the doctor-blade process into a thin film (.005 - .Ol-inch),
laminated to the desired thickness, and fired to 1170°C for one hour on
zirconia setters.

The initial work in this study wvas aimed at the forming or cutting, of
the ceramic disc prior to firing of the body. The tolerances necessary
for the final piece, with respect to the diameter of the disc, dictated
forming (cutting) after fixing. This was accomplished by means of ultra-
sonic cutting.

3.5.4 Studies of Ceramic Separator

Various fundamental studies of the ceramic separator were performed. These
studies were conducted to consider corrosion by the salts (both under static
and dynamic conditions), as well as dc conductivity of the separator.

Corrosion vas measured by carefully predetermining the dimensions of the
ceramic, exposing the ceramic to the molten salt for a given period of
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time, cooling (to solidify the salt around the ceramic), and cross section-

ing through the ceramic. This allowed careful measurement to be made of

the area of ceramic exposed to the salt., From those measurements a cor- f
rosion rate was established, |

A dc conductivity bridge was used to calculate specific resistance of the
ceramic separator. Standard electrochemical conductivity test procedures
were followed. Based on these data it was ascertained that a specific
change improves the quality. When the nature of sodium-ion mobility had
been carefully studied, other materials were studied. All the monovalent
cations in the IA group of the Periodic Chart were considered.

It is well known that the diffusion rate of potassium is lower than sodium.
A possible explanation is the difference in ionic diameters. Pauling hgs
calculated the diameters of sodium and potassium to be 1.90 A and 2.66
respectively. From these diameters, potassium is volumetrically 2.8 times
larger than sodium. Therefore, more forte is required to initially move

a potassium ion, and, according to Taylor (ref. 27) the specific resist-
ance will be higher, as shown in the following equation:

log ~ = HC +A
RT
where P - specific resistance ie
A 2 a constant for a given glass '
HC = energy of activation [
|
R = the gas constant
T = absolute temperature

It can be seen from this equation that an ion having & larger diameter,
and thus having a higher activation energy, will have a higher specific
resistance. The dc conductivity, the inverse of specific resistance,
will be lower. It is also apparent that an increase in temperature will
reault in an increase in dc conductivity.

Candidates for this study vere selected according to the following char-
_acteristics:

a. Monovalence - The direction of movement is in opposition to
electric charge; therefore, it 1s improbable that divalent ions,
even mmaller ionic diameters, are able to migrate at temperatures
where the monovalent ions diffuse. Divalent iops, such as calcium
in ziconates,vere studied to verify this theory.
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b. Ionic dismeter smaller than 1.90 A - These ions require lower
energy for activation, and, therefore, have lower specific re-
sistance and higher dc conductivity.

Based on the above criteria, lithium was selected as the most logical
candidate. Lithium is a monovalent ion with an ionic diameter, as
calculated by Pauling, of 1.20 A, This volumetrically is less than 1/2
that of sodium; hence, it requires a lower activation energy resulting
in a lower specific resistance and a higher dc conductivity. Lithium is
most desirable because it produces a minimum-weight electrolyte. The
use of lithium resulted in a ceramic separator material vhich permitted
rapid diffusion at a relatively low activation level and provided a cell
capable of operating satisfactorily at a lower temperature.

3.5.4.2 Thermal Coefficient of Expansion

Initial findings indicated that the thermal coefficient of expansion
of the ceramic material is of prime importance in sealing the sep-
arator to the experimental cell design. This fact was particularly
important in the physical design of the cell, developed to demonstrate
the capacity of a selected couple.

The thermal coefficient of expansion of the ceramic separator is
shown in Figure 22. This curve shows that the thermal coefficient of
expansion of the ceramic is approximately 10 times that of fused
quartz. The thermmal coefficient of expansion of this ceramic ma-
terial is very similar to that of standard ceramic bodies, and caused
a severe separator-to-battery-housing sealing problem. The solution
to this is discussed in Section 3.6.2.3.

3.5.4.3 Improvement of the Ionic Conductivity of the Ceramic
Separator

In an electrochemical cell utilizing molten-salt electrolyte, it is
essential that the ceramic separator be chemically and thermally
resistant and possess a high degree of "transparency” to the movement
of the sodium ion. By means of present techniques, it was possible
to prepare a ceramic separator vhich permitted mobility of potassium,
silver, or lithium ions.

Improvement of the ceramic separator characteristics was attempted
in two areas. These were:

a. improv the present ceramic body by introducing the soda
(xu23103 in enother form and the removing of the ball and
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kaolin clay. The main purpose in adding these clays was
for the plasticity required in slip casting. However, in
the method now used to prepere the ceramic separation disc
(Section 3.5.3), the organic (toluene) binder replaces
these clays. The removal of these clays from the procedure
eliminated any contaminants from the clays.

b, 1investigating other ceramics capable of permitting mobility
of a single ion of other elements from the IA group of the
periodic chart.

Examples: lithium, potassium

3.5.5 Corrosion Studies

In the design of a molten-salt secondary battery, the corrosion rate of
the molten salt on the various materials used in the battery construction
must be known. A corrosion study vhich exposed the verious materials to
the molten salts for approximately one week was initiated.

3.5.5.1 MgCl,, NaCl on Frenchtown 4462 Alumina

A corrosion study was made on Frenchtown L462 alumina since the pro-
totype battery was designed to be contained in an alumina cylinder.
The alumina was cross sectioned after four days exposure to a molten
ugcx?_, NaCl electrolyte. Although a slight decrease in the cuter
skin"thickness was observed, no definite conclusions regarding cor-
rosion could be made from these initial tests.

3.5.5.2 MgCl,,NaCl on Corning 7280 Glass

Corning 7280 glass was considered for use in sealing various joints.
This glass was subjected to the molten salt for two hours in an
argon atmosphere, and significant changes were observed. The pre-
viously clear glass became very cloudy, the weight increased slight-
1y, and the size was reduced slightly. Cross-section studies show
definite attack by the salt. Wwhen this attack was recognized,
attempts were made to make seals with another sealer. Although a
sucesssful try was made to seal the ceramic separator directly to

the alumina by means of green ceramic slip, this method was discarded
in favor of the procedure described in Section 3.6.2.2.
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5.5.5.3 Mgcla,NaCl on the Ceramic Separator (10-percent Naao)

The ceramic separator showed no evidence of corrosion by the
MgCl,,NaCl electrolyte. r

3.5.6 Resistivity Studies

3.5.6.1 Cell Configuration for Resistivity Measurement

It was necessary that the resistivity of the ceramic separstor be
determined in the design of a molten-salt secondary battery. A cell --
wvas designed for the purpose of determining the resistivity of the
ceramic separator. Figure 23 illustrates the cell configuration
used to obtain this resistivity measurement.

The cell wvas constructed vith a 3/4-inch diameter by 10-inches long
Corning 7280 glass tube. Three platinum electrodes vere placed
equidistant from each other in the glass tube, and the ceramic
separator was placed between two of the electrodes. The electrolyte
used in this cell design was a 48,52 mole-percent MgCl,,NaCl eu-
tectic. An ac bridge was used to measure the cell resgat&nce.

3.5.6.2 Resistivity Data

The value of the resistance of the ceramic separator was obtained
by subtracting the difference between the cell resistance, measured
with the ceramic separator, and the cell resistance measured without
the ceramic separator.

then:

PR . A
I
where:

[P T resistivity (chms/cm)

A * area of electrode (cma)
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distance between electrodes, for salt resistivity (cm)

T
(1]

1(;h1<):kneu of ceramic separator, for separator resistivity
cm

R 2 resistance (olms)

Table VII shows the data obtained for the resistivity of the ceramic
separator and salt, The data indicate that the ceramic separator

is the limiting factor with respect to resistivity, but not neces-
sarily to the resistance of a molten-salt secondary battery. Figure
2k presents a plot of the resistivity of the ceramic separator versus
temperature.

Since the molten-salt electrolyte has finite resistivity, the area
of the electrodes and the distance between them must be considered
in any design of a practical molten-salt secondary battery for space
applications.

3.6 MOLTEN-SALT SECONDARY BATTERY DESIGN

A moltenesalt secondary battery was fabricated upon conclusion of the present
program. This battery consisted of two cells in series. The design objectives
of this battery were as follows:

C.

d.

t.

capable of a 20-ampere discharge for 35 minutes with voltage maintained
at 2.6 volts, £20 percent.

capable of repeated cycling (a minimm of five cycles).
a minimm battery weight which is a function of design.
a minimm battery volume as a function of design.
capable of operation in any position.

capable of operation at zero gravity.
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TABLE VII. RESISTIVITY DATA OF THE CERAMIC SEPARATOR (DATA OBTAINED FRON TWO

DIFFERENT CELLS).

CELL 1 CELL 2
Pt electrode area 0.8 cn2 Pt electrode area s 1.0 cma
Pt electrode distance = L.45 cm Pt electrode distance = 3.81 om
Resistivity Resistivity
{ ohm-cm) (obm-cm)

Texmperature Salt Separator Temperature Salt Separator

(°c) (%c)

500 1.1 k17 430 1.70 Loko

510 1.1 160 4Lo 1.62 4150

525 1.1 - Ls0 1.55% 1760

570 1.0 - k50 + - 1040

MT-103
ASD-TDR-63-115 57
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3.6.1 Electrodes
3.,6.1.1 Anode

The battery used magnesium as the anode. Magnesium was selected in
preference to aluminum because the flouride eutectic electrolyte,

vhich is necessary with an aluminum anode attacks the ceramic separator.
Magnegsium also permitted the use of a MgCl,,NaCl_ eutectic electrolyte.
If aluninum had been used, the use of a Alg ’ eutectic which has

a melting point of 690°C would have been reauired. This temperature

is well above the desired operating temperature of the battery. There-
fore, the use of a MgCly,NaCl eutectic,whose melting point is 450°C,
permitted the operation of the battery within a reasonable temperature.

3.6.1.2 Cathode

A cathode made of either NiO or NiClp would provide the highest ampere-
hour and watt-hour per unit weight of material. The NiCl, cathode

was chosen because it permitted the use of a chloride electrolyte
(MgCl,,RaCl) instead of a sulfate electrolyte vhich would have been
required if an oxide cathode, such as NiO, were selected. The melting
point of the sulfate electrolyte is greater than the melting point of
the magnesium electrode. Therefore, a sulfate electrolyte was un-
desirable because it would necessitate the use of a molten, rather than
a solid, anode. The battery was designed to operate at a minimum of
450°C (melting point of electrolyte) and a maximum of 650°C (melting
point of magnesium).

3.6.2 Mechanical Design

3.6.2.1 Geometry

The gecmetry of the cell was limited by the size to which the ceramic
separator could be fabricated. The cell was designed to produce a
ninimum resistance of the separator and molten-salt. A 3.5-inch-
diameter ceramic separator with a minimum thickness of 0.015-inch was
the largest size of ceramic separator that could currently be made,

The cells were cylindrical in shape with a radius of about 3.5 inches.
The distance between the electrodes was approximately O.5-in¢h.

Electrolyte volume was critical because cycling involved a transfer of
NaCl toward the cathode and affected the mole percent and the melting
point of the electrolyte.
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Braz Technique: One BT-alloy washer (0.900-inch ID, 1.125-inch OD
.005- ck) was used for each braze. To facilitate wetting,
a 3/8-inch-wide band was nickel plated around the center hole in the
seal cover. The shoulder of the pour hole was also nickel plated.
Nickel approximately 0.00l-inch thick was used. These brazes were
made in the same Hoskins furnace with a live hydrogen atmosphere. The
braze zone was operated at 800°C. A 10-minute preheat, 25-minute braze,
and two-hour cooling cycle was used.

Assenbly Braze

Set Up: The ceramic separator was mounted between the alumina cyl-

rs and the cylinders joined with 7/16-inch wide, 0.005-inch thick
Kovar band, cut long enough to pemmit a l/2-1nch overlap and plated
wvith .002-inch nickel to facilitate wetting of the braze.

Before brazing, a ceramic separator was placed between two cylinders,
each of which had shoulder pieces attached. A BT-brazing alloy strip,
wvider and longer than the Kovar band, was wrapped around the joint
betwveen the two cylinders. The Kovar band was wrapped over the BT-
alloy. After centering the bands over the metalized area on the cyl-
inders, they were bound snugly by wrapping the outside with several
turns of .020-inch nickel wire. Two turns of .0Ol5-inch BT-alloy wire
were wrapped around each edge of the Kovar strip to provide supple-
mentary braze material to insure a fillet at the edge. A two-turn
vrapping of .020-inch molybdenum wire was made at the lower edge of
the metalized area. This wrapping prevented the Kovar band fram slip-
ping as the braze material melted.

Brazing Technique: Previous experience had demonstrated the necessity
of heating the ceramic separators slowly to prevent cracking. The
assembly braze was made in a periodic-type furnace of RCA design which
could be heated and cooled slowly. This furmace had an Inconel muffle
approximately 8 x 12 x 36 inches and was Globar heated. The maximm
pover consumption was 4O KVA. Separate top and bottom temperature
controllers were provided.

For brazing, the assembly was located centrally in the muffle by
blocking it up on stainless steel supports. The furnace was closed
and flushed vith dry hydrogen at a flov rate of 15 to 18 cubic feet
per hour. After 30 minutes, the furnace was heated to S00°F, held
15 minutes, raised to T50°F, and held for 15 minutes. This schedule
was continued to 1500°F, using 250°F increments and 15-minute holds.
After the hold at 1500°F, the temperature was raised to 1700°F and
held for 30 minutes. The cooling program duplicated in reverse the
cycle used for heating. The dry-hydrogen flov vas maintained
throughout the heating and cooling cycles.
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The amount of sodium chloride transferred i1s a function of the extent
of cell charge or discharge. In the battery, the amount of electro-
lyte was equal to the minimum amount required to maintain the NaCl:
MgCl, ratio and to keep the electrolyte molten at 550°C at all states
of charge. This necessitated a volume of electrolyte of approximately
10 cubic inches. Since the diameter of the cell was fixed at 3.5
inches, the minimum width of both the anode and cathode compartments
wvas limited to one inch., If the electrodes were kept two inches apart,
the voltage drop would be excessive because of the resistivity of the
molten-salt. In order to provide a sufficient quantity of electrolyte,
without a large voltage drop, the cell configuration shown in Pigure
25 was designed.

3.6.2.2 Febrication Methods

Jigging: To center the alumina cylinders, or the Kovar shoulder pleces,
small nickel tebs were spot welded to the Kovar. Three or four tabs,
which measured approximately 3/16 x 1/2 x .005 inches, were bent per-
pendicular to the Kovar to form a nest into which the cylinder was
inserted. The braze material was melted, and the nickel tabs vere
brazed rigidly into place.

An external clamp made from 1/2-inch-thick cold-rolled steel was used
to prevent the Kovar shoulder piece from warping during the braze cycle.
To prevent the brazed assembly from sticking to the clamp, a powdered
alumina release agent was painted on the clamping surfaces.

Brazing Technique: Two copper washers, 3-inch ID, 3-1/2-inch OD and
0.005-1inch thick vere used to make each braze, and were held in place
by the nickel tabs which centered the alumina cylinders.

The brazing was done in a Hoskins-type furnace using a hydrogen at-
mosphere. This furnace is a push-through type with preheat, braze,
and cooling zones. The braze zone was operated at 1130°C to make
these copper brazes. The heating cycle was: 10 minutes in preheat
zone, 25 minutes in braze section, and two hours in cooling zone.

Pour Hole-to-Seal Cover Braze:

The pour hole piece was designed vith a shoulder so that it was gself
Jigging in the center hole of the Kovar seal cover. To prevent the
seal cover from warping, a similar clamping jig to that described above
was used with a release agent to prevent sticking.
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Electrode Attachment: Electrode spiders were welded to the Kovar
shoulders with an ASCO 20-KVA spot welder, model MXFR20-18. A one-
second weld time vas used vith 3/16-inch diameter electrodes, at a
transformer setting of two. It is essential in welding the spiders
that intimate contact be maintained between the metal parts before
the power is applied. Poor contact will result in a weak weld or
a burn-through in the material.

Ji : The seal covers with pour holes were heliarc-welded to the
[ ers. A jig was used vhich was designed to keep heat from
reaching the brazed joint between the alumina cyiinder and the shoulder
piece. This Jig also supplied sufficient load to the Kovar sheets to
keep them flat and in intimate contact. Two spacer washers were used
on each end to build up the edge thickness to compensate for the elec-
;':rodea. The jig was mounted on a turntable vhich rotated at about

3 rpm.

Welding: A Miller, Model 320A BP-la, ac-dc, inert-gas welder was used
for this operation., It was operated on straight-polarity dc on the
10-160-ampere tap with a current setting of Sk. An Argon gas flow

of 10 cubic feet per hour wvas used. The high-frequency start and
remote-control operational modes were used.

After the piece was centered on the turntable, the electrode was
mounted about 1/16-inch from the edge of the Kovar pieces. The turn-
table was started, and the arc wvas struck. Minor adjustments to the
arc intensity were made by the operator who used a foot-control switch.
As the turntable rotated slowly, the arc melted the four thickness

of Kovar and made a perfect weld joint.

The male and female pour-hole pieces were designed with narrov ridges
on the mounting surfaces. When the insert was tightened against the
gold seal ring, these ridges cut into the soft gold and formed an
hermetic seal, Gold was selected because of its ductility and its
ability to cold weld to the stainless under high pressures. Joints
with this basic design have been used in high-vacuum systems vhere
the demountable feature is required.
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3.6.3 Electrochemical Design

The followving electrochemical design vas used for each cell of the molten-
salt secondary battery.

Electrodes:
Anode Magnesium - 6 grams, 0.020-inch thick
riveted on Kovar as shown in Figure 25,
Cathode Nickel - 30 grams, 0.020-inch thick clad
on Kovar as shown in Figure 25.
Electrolyte:
Anolyte 150 grems Mgc12, 100 grams NaCl.
Catholyte 135 grams MgCla, 90 grams NaCl, 25 grams

N1012 .

The anolyte and catholyte were added to the cell in the solid state. With
these materials, a difference in volume occurred between the solid and
liquid phases of the eutectics. The cell compartments, therefore, had to
be filled partially, then brought to the melting temperature of the eu-
tectic, and allowed to cool and solidify. The remaining salts wvere then
added. This procedure was continued until all of the required electrolyte
was introduced. Although time consuming, this method of filling proved
to be satisfactory.

3.6.4 Initial Heat Input vs. Heat Output

The quantity of heat input necessary to bring the cell described above to
operating temperature is calculated below and compared with actual cell
output., These calculations are based on an ambient temperature of 25°C.

Formula:

Q = Wxcxat
vhere:
Q
w

Heat input (calories)
= Weight of major materials in cell (grams)
¢ = BSpecific heat of major cell materials

at Change in temperature from ambient (°C)
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Material Weight | Specific Heat | at Heat Input

(e) (°C) | (calories)
Magnesium 6 .07 525 200
Nickel 30 .10 525 1575
Electrolyte 500 «20 525 52500
Alumina Housing 200 .20 525 21000

Total = 75295 calories

Heat Input = 75,295 calories
860 calories/watt-hour

87.5 watt-hours

Heat Output = 1.6 volts x 20 amp-hours 2 32 wvatt-hours
Heat Output x 100 percent = 32 x 100 = 35.4 percent

87.5

3.6.5 Heat loss Due to Cell Radiation

An important factor in the design of a molten salt secondary battery is
the calculation of the heat loss of the battery due to cell radiation.
Assuming that the sink temperature, Ty, is equal to 0°K, and the operating
temperature, Ty, 18 equal to 550°C or ézs’x, then by means of the following
formula, the calculation may be made,

Formula:
QR = AX G(Tt - 'rl.‘)
vhere:
A = outer surface area of cell in square inches
OC = 1.1 x 107%2 vatt/1n?
O s 0.03 emissivity of silver mirror
T, = sink temperature (negligible)
'ro = absolute operating temperature in °K.

4 = Adiameter (inches)
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A&Gﬁ
2Ta+ 2(TMa?)

2TM(3.5) x 277(3.52)

4l square inches

b1 x 1.1 x 1022 x (8.23)" x 1°
Bl x 1.1 x 10722 x 4.6 x 10

21 watts (radiation loss if sink temperature vere
absolute zero)

The above radiation loss is within 10 percent of the loss that would
occur if the sink temperature were at 25°C.

ASD-TDR-63-115

=
. N

re




4. CONCLUSIONS AND RFCOMMENDATIONS

The present cantract has demonstrated the desirable advantages of using the
high-capacity anode and cathode materials coupled with a molten-salt eleciro-
lyte for the developmen. of new secondary batieries, 1In order that this con-
cept be further exploited, the following recommendations for future work are
presented, A future program should include the three following phases with
their respective objeciives,

4.1 RESEARCH PHASE

A program is required which will enlarge the scope of the various anode-cathode
combinations which were investigated in this study, This will determine the
limiting factors in high-current applications, The developmenti of a praciical
molten~-salt secondary battery is dependent upon gaining a thorough understanding
of the function of the chemical reactions taking place during charge and dis-
charge conditions,

A fundamental study should be undertaken to determine the effectiveness of a
ternary eutectic elecirolyte in reducing ihe operating temperature of a molten-
salt secondary battery.

A research program is necessary for the development of a ceramic separator
which can replace the mobile sodium ions wiih mobile lithium or oxygen ions,
A Uihium-ion permeable ceramic separator is most desirable because it will
permit the use of lithium as an anode thereby leading to a lighter weight
electrolyte, The lithium~-ion separator will also permit rapid diffusion at a
relatively low activation level; this can lead to the development of cells
capable of operating satisfactorily at a lower temperature,

4.2 DEVELOPMENT PHASE

A detailed characterization is required of the various couple which can be
used with molten-salt electrolytes., This is necessary to determine the perfor-
mance of these cells for use in secondary batteries, The available data are
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insufficient t0 permit making recommendations for its use in application studies,
A satisfactory developmental program will include the following areas of endeavor:

a,
b,

increases in the energy-to-weight ratio of the system,
design of efficient power electirodes,

design of a minimum-weight, minimum-volume battery package
which can achieve the desired operating life requirements,

establishment of techniques to obtain and maintain the desired
operating temperature,

establishment of parameters such as power density, energy
efficiency, and charge retention,

4.3 SERVICE TEST

A service-test program is necessary to evaluate molten-salt secondary batteries
for selected applications, This program will provide detailed information on
their performance in the field, and should be initiated as soon as sufficient
data from the above development phase are available,
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